Objective To describe the epidemiology and clinical impact of respiratory viruses in a neonatal intensive care unit (NICU). Study design We conducted a retrospective observational study of infants with respiratory viruses detected by multiplex reverse-transcriptase PCR from May 2012 to May 2017. The proportion of symptomatic vs. asymptomatic infants and associated morbidity were assessed. The association of infection prevention and control (IP&C) strategies and transmission was ascertained.
Introduction
Respiratory viruses in infants hospitalized in the neonatal intensive care unit (NICU) are associated with a variety of clinical presentations ranging from localized upper respiratory tract infection to disseminated disease to death [1, 2] . While asymptomatic carriage of respiratory viruses is well characterized in older children and adults [3, 4] , this entity is not as well described in infants in the NICU. Furthermore, few recent studies have assessed the epidemiology of healthcare-associated respiratory viruses in the NICU population during the era of commercially available multiplex reverse-transcription polymerase chain reaction (RT-PCR) assays nor assessed the potential strategies to reduce acquisition and transmission.
The objectives of this study were to describe the epidemiology of respiratory viruses in the NICU, as assessed by RT-PCR assays; the clinical impact of respiratory viruses, including the proportion of asymptomatic vs. symptomatic infants; and the infection prevention and control (IP&C) strategies implemented to reduce transmission of respiratory viruses. Additionally, we explored whether clinically asymptomatic infants had an increased frequency of subclinical oxygen desaturation events before and after a positive RT-PCR for a respiratory virus by using the "Advanced Physiological Monitoring" system, BedMasterEx (Excel Medical, Jupiter, FL), which records and stores all oxygen saturation data from infants' pulse oximeters [5] .
Methods

Study design, site, and subjects
This was a retrospective observational cohort study of infants hospitalized in our NICU from May 2012 to May 2017. The NICU is a regional perinatal center, level IV facility that cares for both premature infants and full-term infants with complex congenital cardiac and non-cardiac anomalies. The unit is located on two floors and consists of 58 beds, including shared pods with 2-3 beds each, a ninebed 'step down' open unit, and four single rooms. There were 5240 admissions during the 5-year study period. Included infants were those with healthcare-associated respiratory viruses detected after the incubation period for the relevant virus as compared to their date of NICU admission. To avoid misclassification of hospital-associated infections attributed to our NICU, we excluded infants who were transferred to our NICU and had respiratory viruses detected within the incubation period of the relevant virus as compared to their date of NICU transfer. This study was approved by the Institutional Review Board of Columbia University Irving Medical Center (CUIMC) with a waiver of informed consent.
Sample collection and viral diagnostic testing
Nasal turbinate samples were collected, regardless of the mode of respiratory support. Diagnostic testing was performed using a multiplex RT-PCR assay (FilmArray, Biofire, Inc.) that was introduced in our facility in May 2012 without restrictions placed on its use. The assay has been validated on samples from infants in the NICU [6] , and the respiratory viral panel (RVP) detects 17 viruses: adenovirus; four coronavirus types (229E, HKU1, NL63, and OC43); human metapneumovirus; rhinovirus/enterovirus (RV/EV); influenza A, AH1, AH3, and B; parainfluenza types 1-4, and respiratory syncytial virus (RSV), as well as pertussis, Mycoplasma, and Chlamydophila [7] . Only qualitative results are provided; viral load results are unavailable.
Case definitions and clinical outcomes
Infants were classified as symptomatic or asymptomatic based on the review of the infants' electronic medical records. Symptomatic infants were those with signs of a respiratory infection, e.g., rhinorrhea, fever, cough, and/or those who had escalation of respiratory and/ or nutritional support, as defined below. Asymptomatic infants did not have clinical signs of respiratory infection, nor escalation of respiratory or nutritional support.
Escalation of respiratory or nutritional support was assessed by comparing the maximum support during the 7 days prior vs. the maximum support during the 7 days after detection of a respiratory virus. Escalation of respiratory support was defined as (1) an increase in supplemental oxygen by at least 10% for at least 12 h while maintaining the same mode of respiratory support; (2) an increased amount of non-invasive support, e.g., room air to nasal cannula (NC) or NC to continuous positive airways pressure (CPAP) or newly initiated non-invasive positive pressure support; (3) transition from non-invasive to invasive support, e.g., CPAP to synchronized intermittent mechanical ventilation (SIMV); and/or (4) increased invasive support, e.g., increase in mean airway pressure, SIMV to high-rate intermittent mechanical ventilation to high-frequency oscillatory ventilation, and/or to extracorporeal membrane oxygenation (ECMO). Escalation of nutritional support was defined as transitioning from (1) full oral feeds to ≥50% enteral tube feeds or (2) ≥50% enteral feeds to only total parenteral nutrition (TPN).
To further describe the study population, we collected secondary diagnoses that occurred throughout the infants' NICU stay, including bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), severe retinopathy of prematurity (ROP), severe intraventricular hemorrhage (IVH), and hemodynamically significant patent ductus arteriosus (PDA). BPD was defined as requiring supplemental oxygen ≥28 days, and BPD severity was categorized based on the amount of respiratory support required at 36 weeks corrected gestational age or discharge, whichever occurred first [8] . NEC was defined as modified Bell's staging criteria IIa or higher [9, 10] . Severe ROP was defined as stage 3 or higher, based on pediatric ophthalmology exam [11] . Severe IVH was defined as grade 3 or higher on any imaging done before day of life 28 [12] . Hemodynamically significant PDA was defined as lesions requiring medical and/or surgical management.
Transmission was identified if infants, who were both geographically and temporally linked, had the same virus detected. Geographic links were considered as the same pod and/or infants in the neighboring rooms. Temporal links were considered those that occurred within the incubation period of the relevant virus. Transmission patterns were categorized as dyads (n = 2 infants), clusters (n = 3 infants), or outbreaks (n > 3 infants). Transmission events were defined as the number of infants who became infected as a result of transmission, e.g., one transmission event in each dyad and two transmission events in each cluster.
Infection prevention and control strategies
Infants
Throughout the study period, RT-PCR testing was performed for symptomatic infants (e.g., fever, cough, and increased secretions). Infants with a respiratory virus detected were placed on contact and droplet isolation. Personnel from the Department of IP&C interviewed the staff to determine if the affected infant had been exposed to ill family members or ill healthcare personnel (HCP). The duration of isolation was considered on a case-bycase basis, but generally, isolation continued for the duration of the relevant viral shedding period or the duration of illness, whichever was greater; two negative RT-PCR tests were required to discontinue isolation. Potentially exposed infants (e.g., those sharing the pod with an affected infant) were monitored for signs and symptoms of respiratory infection and tested if symptoms developed.
Starting in January 2015, in response to an adenovirus outbreak, RT-PCR testing was performed for all potentially exposed asymptomatic infants. Infants were considered exposed if they were geographically near a symptomatic virus-positive index case, e.g., the same pod. Unexposed infants were not screened. Testing was performed at the time of potential exposure and at the end of the relevant incubation period for the virus of the index case. Potentially exposed infants were placed on contact and droplet isolation for the duration of the incubation period. Isolation for exposed infants was discontinued if RT-PCR testing was negative, the infant remained asymptomatic, and no additional geographically related cases were identified. Exposed asymptomatic infants with positive RT-PCR testing were managed as described above for symptomatic infants with positive RT-PCR testing.
Healthcare personnel
HCP were instructed not to work while sick. Ill HCP were tested by Workforce Health & Safety and obtained clearance to return to work [13] . Since the 2013-2014 influenza season, HCP in New York State have been required to have an influenza vaccination or wear a surgical mask when in areas where patients are typically present [13] .
Visitors
From May 2012 to November 2015, written educational material explained that ill visitors were prohibited from entering the NICU. Starting in December 2015, visitors younger than 12 years of age were prohibited from visiting the NICU year-round. Large signage was posted at the NICU entry detailing visitor restrictions for age or signs and symptoms of illness, e.g., fever and cough. Formal screening of visitors was not performed at any time during the study.
Data collection
Data were collected from the electronic medical record and included demographic and clinical characteristics of infants, including the indications for RVP testing, respiratory and nutritional support provided in the 7 days before and after detection of a respiratory diagnosis, as well as primary and secondary diagnoses. All secondary diagnoses were collected throughout the NICU stay. Additionally, we recorded whether the infants were fed with breast milk in the week before RVP testing and the percentage of maternal breast milk comprising the feeds, if applicable, to assess whether this might protect the infants from developing symptoms associated with respiratory viruses. Delayed surgery and delayed discharge associated with detection of a respiratory virus and 30-day crude mortality were also collected.
Data for transmission events were derived from records maintained by the Department of IP&C that also maintained a list of exposed and tested infants, as well as the indications for RVP testing.
Data from the BedMasterEx system were retrieved from the central network and used to corroborate infants as symptomatic vs. asymptomatic. BedMasterEx system continuously records the high-resolution waveform data sampled at 240 Hz from the bedside GE monitors [5] . For this study, we extracted oxygen saturation (SpO 2 ) data as measured by pulse oximeter collected every minute. A custom MATLAB algorithm was used for removing the artifact, based on how a clinician would interpret the data at the bedside [14] . Waveforms that were inconsistent and irregular, based on comparison of hourly trends of minute heart rate and SpO 2 , were considered unlikely to translate into accurate and meaningful values for SpO 2 , and were removed. The remaining SpO 2 data retained for analysis (~95% of raw data) were summarized as the percentage of time every 24 h that an infant's SpO 2 was <85%.
Data analysis
Demographic and clinical characteristics of symptomatic and asymptomatic infants were summarized with frequencies, means, and medians, and were compared using Chi-square or Fisher's exact test, as appropriate, for categorical variables and two sample t tests and Mann-Whitney U tests for continuous variables. The association of detection of respiratory viruses with changes in respiratory and nutritional support was categorized as unchanged, increased, or decreased support. Breastmilk exposure in the week before a positive RVP was dichotomized as ≥50% enteral feeds being maternal breast milk vs. <50% and no maternal breastmilk exposure (i.e., only formula fed or no enteral feeds) vs. any breastmilk exposure.
BedMasterEx data for 7 days before and after positive RVP were available for 40 infants (30 symptomatic and ten asymptomatic infants). The percentage of time these infants had SpO 2 < 85% (considered a hypoxemic state) for each of the 7 days before and after viral detection were calculated and compared using a mixed model for repeated-measures analysis of variance to account for the missing observations, as well as two sample and paired t tests, as appropriate. Infants with physiologic right to left cardiac shunts were excluded from this analysis due to different expectations for their normal SpO 2 range.
The incidence of respiratory virus transmission event rates per 1000 patient-days was also calculated and compared for the time periods before and after the selected interventions were implemented using Poisson regression. All statistical analyses were performed in SAS 9.4 (Cary, NC).
Results
Study subjects
From May 2012 to May 2017, 1494 RVPs were sent from the NICU from 727 infants. In all, 83 infants experienced 86 episodes of healthcare-associated respiratory viruses; this represented 1.6% of the overall NICU admissions. One infant had two viruses detected from the same sample and three infants each had two unique episodes with different viruses detected. Thirteen infants had 15 (17%) asymptomatic episodes and 70 infants had 71 (83%) symptomatic episodes of viral detection. One infant had both asymptomatic and symptomatic episodes. Thirteen additional infants transferred from other hospitals had a respiratory virus detected within the incubation period of the relevant virus (eight RV/EV, two coronavirus, one RSV, one influenza, and one parainfluenza) and were excluded from further analysis. The demographic and clinical characteristics of symptomatic and asymptomatic infants with healthcareassociated respiratory viruses were similar (Table 1) . There was no difference in the proportion of asymptomatic vs. symptomatic infants who received any maternal breastmilk feeds in the week before a positive RVP (31% of asymptomatic infants and 34% of symptomatic, p = 1.00). Additionally, the proportion of asymptomatic vs. symptomatic infants whose feeds comprised of ≥50% maternal breast milk in the week before a positive RVP was similar (29% vs. 24%, p = 0.74).
Virology
Infants with healthcare-associated respiratory viruses had a median chronological age of 82 [IQR 58-158] days at viral detection ( Table 2 ). The distribution of the types of viruses detected was similar in symptomatic and asymptomatic infants ( Table 2 ). The most common viruses were RV/EV (n = 60, 71%), followed by adenovirus (n = 7, 8%), parainfluenza (n = 6, 7%), and coronavirus (n = 6, 7%). The relative proportion of RV/EV detection remained similar over time (quarterly mean 65%, range 50-84%, p = 0.14). Ten (67%) of 15 asymptomatic episodes were associated with RV/EV, two with adenovirus (14%), and one each with coronavirus HK, RSV, and influenza.
Clinical impact associated with respiratory virus detection
The most common indications for viral diagnostic testing among symptomatic infants were suspected upper respiratory tract infections (67%), increased respiratory support (29%), and/or cough (26%). Most symptomatic episodes were not managed with increased respiratory support (62%) and/or nutritional support (79%). However, 17 (24%) symptomatic episodes were associated with only escalations of respiratory support, five (7%) with only escalations of nutritional support, and ten (14%) with both. The escalations in respiratory support included: (1) three episodes associated with ≥10% increase in FiO 2 support while maintaining the same mode of respiratory support; (2) 11 with increased non-invasive support, most common escalation from room air to CPAP; (3) seven with progression from non-invasive to invasive support, all of which included mechanical ventilation and one with progression to ECMO; and (4) six with increased invasive support. The escalation in nutritional support included: (1) three episodes associated with changing from full oral feeds to ≥50% enteral tube feeds and (2) 12 changing from ≥50% enteral feeds to full TPN support. The percentage of time the asymptomatic and symptomatic infants had SpO 2 < 85% during the 7 days before and after their positive RVP is shown in Fig. 1 . During the 7 days before and after the detection of a respiratory virus, the asymptomatic infants spent significantly less time with SpO 2 < 85%, compared with the symptomatic infants (mean daily range 1.3-2.7% vs. 4.0-7.6%, respectively, p = 0.03, Fig. 1 ). The daily percentage of time the asymptomatic infants spent with SpO 2 < 85% did not significantly change throughout the 7 days before and after the viral detection (p = 0.91). The daily percentage of time the symptomatic infants spent with SpO 2 < 85% did not significantly change throughout the 7 days before and after the viral detection (p = 0.23) Four (5%) symptomatic infants had delayed surgery, three (4%) had delayed discharge, and one (1%) was readmitted one day after NICU discharge with respiratory symptoms due to parainfluenza previously detected in his hospitalized twin. Six infants (7%) died within 30 days of detection of a respiratory virus; at the time of death, mortality was considered attributable to a respiratory viral infection in two infants (2%) (one with parainfluenza and one with human metapneumovirus), as ascertained by the NICU team and/or supported by the autopsy findings.
Transmission events
Ten episodes of viral detection were associated with ill family members, and no ill HCP were identified. Six dyad transmission events, four clusters, and two outbreaks were identified (Fig. 2a) ; nine (75%) of these 12 transmission events involved RV/EV. Adenovirus (n = 5 infants) and RV/EV (n = 7 infants) each caused an outbreak. Following the introduction of the IP&C strategy in January 2015 to screen the exposed infants, 82 infants were potentially exposed to 21 case infants, and seven (9%) of the 82 exposed infants were positive for a respiratory virus. In all, from January 2015 to May 2017, seven (15%) of 48 episodes of viral detection were identified by screening the exposed infants. Since December 2015, only one transmission event (a dyad of RV/EV in September 2016) occurred; the remaining cases were sporadic. Transmission event incidence per 1000 patient-days is shown in Fig. 2b and decreased significantly from 0.27 per 1000 patient-days before children <12 years of age were prohibited from visiting the NICU to 0.03 per 1000 patient-days during the 16 months after children <12 years of age were prohibited from visiting the NICU (p = 0.003). No transmission events were identified from the 13 transferred infants admitted to the NICU with respiratory viruses.
Discussion
In this 5-year study, we describe the epidemiology and clinical impact of healthcare-associated respiratory viruses in the NICU population; both sporadic infections and outbreaks occurred. Respiratory viruses were detected in approximately 1.6% of the overall admissions, but it is somewhat Fig. 1 Mean daily percent time with SpO 2 < 85% for symptomatic vs. asymptomatic infants in the 7 days before and after the detection of a respiratory virus. Mean percent time (±standard error) of SpO 2 < 85% in the 7 days before and after the respiratory viral panel testing for selected symptomatic (n = 30) and asymptomatic infants (n = 10) as recorded in the BedMasterEx database. Significant differences are indicated by * for p < 0.05 and ** for p < 0.005. SpO 2 oxygen saturation difficult to find comparable data in previous publications, in which multiplex RT-PCR assays were used during routine clinical care. Others have described clinical surveillance or weekly surveillance for respiratory viruses and demonstrated detection rates ranging from <1 to 52% [15] [16] [17] [18] . Different methodologies, patient populations, surveillance strategies, and potentially unidentified outbreaks likely contributed to the wide range of rates reported.
We noted great variability in the symptoms associated with the detection of respiratory viruses, including infants who remained asymptomatic. We also found that most clinically symptomatic infants did not have increased respiratory and/ or nutritional support. However, some infants did experience substantial morbidity; seven infants progressed from non-invasive to invasive respiratory support, one of whom progressed to ECMO. Others have reported that increases in respiratory support associated with respiratory viruses were associated with an increased length of hospitalization [19] [20] [21] .
We could not find previous reports of the impact of respiratory viruses on nutritional support, but in the current study, 12 (14%) of 83 infants required escalation to full defined as the number of infants who became infected as a result of transmission, e.g., one transmission event in each dyad and two transmission events in each cluster. hMPV human metapneumovirus, RV/EV rhinovirus/ enterovirus, RSV respiratory syncytial virus TPN, which likely increased their length of hospitalization. Ten infants had increases in both nutritional and respiratory support. While respiratory viruses do not generally physiologically impact the gastrointestinal tract, concurrent increases in nutritional and respiratory support may have been attributable to feeding intolerance or to providers' concerns for the risk of aspiration and/or hemodynamic instability that could compromise intestinal perfusion. Regardless of the reasons infants received increased nutritional support, these findings provide further evidence of the impact of respiratory viruses in the NICU population.
In the current study, six infants died within 30 days of viral detection, including two infants with attributable mortality. Analysis of a worldwide database found that the mortality rate in NICUs associated with RSV, adenovirus, influenza, and parainfluenza viruses outbreaks was 13.5%, 35.4%, 6.9%, and 9.0%, respectively, with an overall virusassociated mortality of 6.1%, although this report included gastrointestinal viruses as well [22, 23] . However, attributable mortality was not ascertained. These findings further support the need to gather additional data on the clinical impact, including mortality, associated with non-congenital healthcare-associated respiratory viruses.
We also found that 17% of episodes of healthcareassociated respiratory viruses (including two with adenovirus) remained asymptomatic, suggesting that some infants were asymptomatic carriers. Others have also examined asymptomatic infants identified during active surveillance or outbreaks. Caserta et al. [2] performed weekly surveillance for respiratory viruses in 93 hospitalized preterm infants; four had a virus detected including 2 (2%) who were asymptomatic (rhinovirus and influenza B). Bennet et al. [21] performed weekly surveillance in 50 preterm infants and detected a respiratory virus in 26 infants (52%); eight (9%) infants did not have clinical deterioration. During one year of active surveillance, Smit et al. [18] found that 22 (7.5%) of 295 infants without respiratory symptoms had a respiratory virus detected. During an influenza A outbreak, Cunney et al. [24] found that 13 (68%) of 19 infants remained asymptomatic. Detection of asymptomatic infants has infection control implications; as such infants may transmit a respiratory virus to other infants and/or to HCP.
We were unable to identify a demographic or clinical characteristic associated with asymptomatic infants. However, it is feasible that asymptomatic infants had a lower viral load than symptomatic infants, as has been suggested by others. Jansen et al. [3] found that hospitalized infants less than 1 year of age admitted for an acute respiratory infection had a higher viral load than asymptomatic agematched controls seen in an outpatient clinic (median viral load 63,045 vs. 2856 copies/mL, respectively, p = 0.02). Similarly, Smit et al. [18] found that infants with a cycle threshold value (Ct) < 35 were more likely to have respiratory symptoms than those with a Ct value > 35. However, we could not explore this factor as viral load measurements are not reported by the Biofire RVP assay.
In a subset of infants, the BedMasterEx's data supported our categorization of asymptomatic and symptomatic infants. During both the 7 days before and after the viral detection, when compared with symptomatic infants, asymptomatic infants spent significantly less time with SpO 2 < 85%. However, during the 7 days pre-viral and postviral detection, the daily time spent with SpO 2 < 85% remained similar within the asymptomatic group. Similarly, the daily time spent with SpO 2 < 85% remained similar over time within the symptomatic group. There are several possible explanations for these findings. Symptomatic infants may have had worse baseline lung disease prior to viral detection and thus were at increased risk of becoming symptomatic with the viral infection. Symptomatic infants may have been hypoxemic due to a respiratory viral infection several days prior to being tested. Asymptomatic infants may have had undiagnosed respiratory viral infections previously, and positive tests may have reflected nonviable viruses or viral shedding. Nonetheless, the clinical utility of BedMasterEx data should be further examined in a larger sample of infants to determine if subclinical viral illness can be predicted, thereby prompting earlier testing and potentially reducing transmission.
Our findings suggest that preventing the acquisition and transmission of respiratory viruses in the NICU should be an IP&C priority. As support for the importance of this priority, during this same time period, 46 central line-associated bloodstream infections occurred in our NICU compared with the 86 episodes of respiratory viral detection described in this study. However, optimal IP&C strategies for respiratory viruses in the NICU population are unknown and highly variable as demonstrated in a nationwide study conducted in the United Kingdom [25] . Our data suggest that a combination of IP&C strategies including excluding family members with illnesses, excluding visitors less than 12 years of age year-round, and screening asymptomatic infants in close proximity to an infant with a respiratory virus decreases the transmission event rates, although our sample may have been too small to assess the sustained effect of the interventions over time. Excluding sibling visitors and screeningexposed infants are practices that have been implemented in some NICUs in the U.K [25] and others have shown that restricting sibling visitors reduced RSV [26] . While these interventions were associated with reducing transmission events in our NICU, they did not eliminate respiratory viruses. There are likely multiple 'portals of entry' for respiratory viruses, including unrecognized ill visitors and HCP, adults who are infectious prior to the onset of symptoms, and/or asymptomatic adult or infant carriers shedding viruses [4, 27] .
Study limitations
This was a single center observational study which limits its generalizability. It was conducted in a NICU consisting of an open pod design with only four single rooms. Furthermore, our NICU admits full-term infants with congenital anomalies as well as older infants for ROP and BPD management; these admission patterns help to elucidate the relatively older chronologic age of our study population. The overall sample size was small and we could not demonstrate factors associated with being symptomatic vs. asymptomatic, including the distribution of different viruses. The frequency of asymptomatic infants was likely underestimated because the practice for testing exposed infants was not conducted throughout the 5-year study period and we did not test unexposed, asymptomatic infants. It is also possible that unknown confounders or unexamined variables, such as viral load or patterns of care by specific HCP may be responsible for the observed clinical courses of infants in this study. We may have misclassified RV/EV transmission as the Biofire RVP does not distinguish specific virus types nor were the viruses sequenced. We also acknowledge that our strategy to discontinue transmission precautions if an infant has two negative tests does not consider intermittent viral shedding. Finally, we did not measure the impact of culture change in the NICU; following the adenovirus outbreak, staff had increased awareness of the clinical impact of respiratory viruses resulting in increased responsibility and accountability among staff to not work while ill themselves and to ask peers with respiratory symptoms to be evaluated by WH&S.
Conclusions
In conclusion, reducing the incidence of healthcareassociated respiratory viruses in the NICU population is an important patient safety goal. Infants in the NICU with respiratory viruses can exhibit a wide range of symptoms including being asymptomatic, as demonstrated by both clinical and physiological data. Remarkably, we found that most symptomatic infants did not receive escalation of respiratory or nutritional support. While the evidence supporting effective infection prevention and control measures is still evolving, we found that screening asymptomatic infants after exposure and prohibiting visitors less than 12 years of age from visiting the NICU were associated with a reduction in incidence and transmission events of respiratory viruses. However, multicenter investigations are needed to assess the generalizability of our findings to identify factors associated with asymptomatic infants and to determine the most cost-effective IP&C strategies to reduce respiratory viruses in the NICU.
